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SUMMARY
An apparatus in which plant roots may be challenged uniformly with inoculum of arbuscular mycorrhizal fungi
is described. Seedlings of leek {Allium porrum L.) or clover {Trifolium repens L.) were first grown non-
symbiotically in the apparatus for 21 d at three rates of phosphorus (P) addition to soil (150 (PI), 450 (P3) and 750
(P5) mg P kg"' soil). The positions of individual root tips were recorded, and the root systems then challenged
with inoculum of Glomus mosseae (Nicol & Gerd.) Gerdemann & Trappe. Roots were excised 14 d later, and the
probahility of occurrence of internal infection in successive 3 mm (clover) or 5 mm (leek) sections of root was
estimated in first-order laterals (clover) or main axes (leek) from the proportion of sections at each location of
replicate roots that bore internal fungal structures.
Only in the region of a root proximal to the position of the root tips at inoculation could data be used to
investigate change of probability of infection with cell age. Here, there were sharp declines in probahility of
infection with proximal distance, in hoth hosts and in all P treatments. The decline of probability was greater in
clover: when expressed in terms of cell age at the time of challenge, there was no infection at PI in cells > 10 d
old in leek and none in cells > 7 d old in clover.
Models of the form log,, [pj{\ -/),)] = a + /?x distance, where /), is the estimated probability of infection and a
and (i are constants, were fitted to these data. The odds on infection are \pj{\ - ^ , ) ] . For leek, /? was unaltered by
P addition (P3 and P5 curves were parallel to PI) hut from a it could he calculated that on average the odds on
successful infection at any particular distance were reduced by 37 % and 70 % hy P3 and P5 rates of P addition
respectively, ln clover the curves for the three P treatments were not parallel. Addition of P appeared to reduce
the odds on infection of clover much more than those of leek.
We conclude that the simplest explanation for the patterns of infection in leek is tliat P addition increased the
time taken for soil inoculum of G. mosseae to infect roots; the mechanism in clover might be more complex.
Key words: Arhuscular mycorrhizal fungus, infection probability, Glomus mosseae, phosphorus, Allium, Trifolium.
on soil which was uniformly mixed with inoculum of
INTRODUCTION Glomus mosseae. They studied the distribution of
The factors that control colonization from primary lengths of infection units (the internal hyphae arising
infection of roots by arbuscular mycorrhizal (AM) from an entry point) as a function of distance from
fungi need to be fully understood in order to model the root tip, and, by assuming that infection units
accurately the dynamics of AM colonization of extended at a constant rate, they were able to infer
developing root systems. It is particularly important that roots were infectable for up to 55 mm behind the
to know whether all parts of young roots are equally tip (in first order laterals). A preponderance of short
susceptible to infection. Hepper (1981) showed that units near the root tips implied that this region was
in 3-wk-old plants of the clover Trifolium parviflorum more susceptible to infection than were older parts,
grown axenically on agar, only young parts of roots Patterns of infection in roots growing through
were readily infected by AM fungi. Smith, Tester & infested soil are difficult to interpret. Here, innate
Walker (1986) grew clover {Trifolium subterraneum) changes with age (distance from the root tip) in
susceptibility to infection in epidermal and cortical
. , ,, . cells are confounded with length of exposure of those
* Present address: Room A323, Department ot the Knvuon- „ . , , , ,-
ment, Romney House, 43 Marsham Street, London SKIP 3PY. cells to inoculum, because roots grow by formation




















of new cells at the apex. A better approach is to
challenge roots uniformly and synchronously with
inoculum, thereby exposing all cells to fungal
inoculum for the same length of time. Hepper (1985) ^̂ ^
did this hy transplanting uninfected seedlings to
infested soil. She found that in clover only new root
growth became infected; by contrast, roots of leek
were infected in both old and new regions.
The present paper describes a new technique by
which roots of a host plant can be uniformly
challenged with AM inoculum, with minimum
disturbance. The effect of cell age on susceptibility
to infection was measured in clover and leek at
various rates of phosphate addition to soil.
MATERIALS AND METHODS
Preliminary experiment
A preliminary experiment was made to select
concentrations of soil phosphorus (P) to be used with
each of the hosts in the main experiment, to achieve
comparable shoot P status. Germinated seedlings of
leek {Allium porrum L. cv. Musselhurgh) and clover
{Trifolium repens L. cv. S184) were planted in 10 cm
pots (10 per pot) containing a 2:1 (w/w) mixture of
gamma-irradiated (1 Mrad) sandy top soil of
Cottenham series (Catt et al., 1980) and steam-
sterilized sand. Basal nutrients (soil dry mass basis)
were: nitrogen, lOOmgkg"' and potassium,
280 mg kg"' (as KNO3), magnesium, 50 mg kg"^ and
sulphur, 65 mg kg"' (as MgSO^. 7H2O), and calcium
carbonate, lOgkg" ' , to increase the pH to 7-0.
Phosphorus was added at 0, 150, 300, 450, 600
and 750 mg kg ' (as Ca(H2PO4)2.H2O) to give
bicarbonate-soluble P concentrations (Olsen et al.,
1954), measured after 7 d, of 22, 75, 140, 208, 276
and 344 mg kg"' respectively. For each host, three
replicates per phosphorus treatment were raised in a
controlled environment cabinet (20/16 °C, 14 h
photoperiod of mean photon flux density of
500 iimoX m"^ s ' of waveband 400-700 nm). At 42 d
from planting, plants were harvested to record dry
mass of shoots (dried at 80 °C for 18 h).
Tahle 1 shows that in both leek and clover the dry
mass of shoots increased with P addition to a
Table 1. Dry weights of shoots of non-mycorrhizal leek
and clover after 42 d at six rates of applied phosphate
Shoot d. wt (g)
Applied phosphorus
(mg kg ') Leek Clover
/ Clover seedling
- Soil plus inoculum
Soil
Dutch weave stainless










Figures in parentheses are standard errors.
Figure 1. Diagram (not to scale) of apparatus in which roots
were challenged with inoculum: (a) inoculum chamber;
{V) observation chamber; (c) chambers assembled.
maximum (at 450 mg added P kg ' soil), and then
declined. Three rates of P addition (150, 450 and
750 mg P kg"'), which covered the whole of the
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response curves, were chosen for both hosts for the
main experiment. These rates of P addition will be
referred to as PI , P3 and P5 respectively, to be
consistent with the terminology used by Amijee,
Tinker & Stribley (1989) in their experiments on
infection of leek by Glomus mosseae.
Main experiment
Apparatus. An apparatus was designed in which
roots could be challenged with inoculum evenly and
simultaneously. It comprised two chambers, con-
structed from perspex:
Inoculum chamber. This (height = 1 8 cm, breadth =
15 cm, width = 1 cm) contained 400 g of standard
growth medium with basal nutrients (see preliminary
experiment) to which was added 20 % (w/w) soil
that contained mycelium, sporocarps and spores of
Glomus mosseae (Nicol. & Gerd.) Gerdemann &
Trappe and small ( < 10 mm) lengths of leek roots
infected with this fungus. Three seedlings of clover
were planted into each box, and then grown on for
10 wk in a controlled environment cabinet (see
preliminary experiment). The chamber (Fig. l a )
was designed so that it could be taken apart to form
a fiat surface of inoculum to inoculate the observation
chamber. One side of the box was made of dutch-
weave stainless steel mesh of 30 //rn aperture (G.
Bopp & Co Ltd, London) supported on the outside
by a removable perspex face. At inoculation the
perspex was removed, and the mesh surface, which
could be traversed by hyphae but not by roots,
thereby revealed. This mesh was placed in close
contact with roots of the test plant exposed by
removing the sloping face of the observation
chamber (Fig. 1 b), and the two chambers were then
clamped together (Fig. 1 c). Shoots of clover in the
inoculum chamber were cut oflF at this stage to
reduce any possible competition with the host plant.
Observation chamber. This was similar in size to the
inoculum chamber but its removable face was sloped
at 70" to the horizontal (Fig. \b). This face was
covered in foil to exclude light but still allow periodic
inspection of roots; the others were painted black.
Each replicate chamber contained 1 kg of the
standard growth medium with basal nutrients, and
experiments were made with PI , P3 and P5 treat-
ments (see above). A single seedling of leek or clover
was planted into each box next to the sloping face, so
that the roots became appressed to the face as they
grew downwards. For each host, five replicates per P
treatment were raised in the controlled environment
cabinet.
Meastirements
The disposition of the root system appressed to the
transparent sloping face of the observation chamber
was recorded by tracing, after 21 d growth of the
seedling in the chamber. Each root was labelled with
a loop of terylene thread so that it could be identified
subsequently. Both chambers were then clamped
together, as described above (Fig. Ic). 14 d later,
growth chambers were detached, unlabelled roots
were removed and the original tracings were updated
to record new growth on roots that had been present
at inoculation. Labelled roots were cut as close to the
shoot as possible, removed and then stained to reveal
fungal structures (Phillips & Hayman, 1970).
Starting from where the root tip had been present
in inoculation, presence or absence of interttal
infection was recorded in successive 5 mm (leek) or
3 mm (clover) root sections, moving proximally (to
the base of the root) and distally (to the root tip).
Infections were examined under a binocular micro-
scope at a magnification of x 100. Because there were
no first-order laterals present in leek at inoculation,
infection in this host was recorded on main axes of
adventitious roots only. By contrast, first-order
laterals were present on the single main axis of clover
at inoculation, and because this axis had at that time
reached the bottom of the box, measurements of
infection in this host were restricted to laterals. Data
from all suitable roots of all replicates were used to
estimate probability of infection. Because rates of
extension of individual roots of a particular order
varied slightly both between and within plants, and
because their initial lengths varied, there were fewer
replicate sections at proximal and distal extremes.
Fitting of models
The probability of infection for root sections, in the
region of the root proximal to the position of the root
tip at the time of inoculation, was modelled using
logistic regression. The response variable was Nj, the
number of roots whose ith section was infected. It
was assumed that Nj had a binomial distribution
B(Mi, pJ where Mj was the number of roots that
provided an ith section, and p. was the probability of
infection. This probability was modelled in terms of
the distance, d;, between the mid-point of the section
t and the position of the tip of that root at inoculation:
The equation is of an S-shaped curve relating the
proportion p; to the distance dj. The curve tends to
0 or 1 as the distance increases, depending on the
sign of /? which represents the steepness of the curve
in the middle of the ' S ' . The parameter a represents
the location of the curve on the distance axis. In this
experiment, /S is negative, so that the probability of
infection tends to 0 as the distance increases (cf Figs
2, 3).
The parameters a and /? were estimated by
40-2
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Distance from position of root tips
at time of challenge with inoculum (mm)
Direction of root growth
200 100
Figure 2. Estimated probabilities of infection {%) ip^: see
text) in successive 5 mm sections of main axes of roots of
leek {AlHutn porrum) 14 d after the root system was
challenged by inoculum of Glomus mosseae, in {a) PI; {b)
P3 ; (c) P5 phosphorus treatments. The distance plotted for
each root section is that to a point halfway along the length
of the section. The curves are fitted empirical models for
that portion of the root proximal to the position of the root
tip at time of challenge with inoculum (see text).
maximum likelihood, and tests were done to assess
whether there was evidence that each parameter
differed across the P treatments.
In this model no account was taken of possible
correlation between observations of infection made
on sections taken from the same root. However,
because the distribution of entry points appeared to
be random, and as all infection units were found to
be much shorter than the section lengths chosen for
observation, it was considered that the incidence of
direct spread of infection between neighbouring
sections would be small.
RESULTS
Figures 2 and 3 show the estimated probability of
infection as a function of distance along the root
from the recorded position of the root tips at time of
challenge with G. mosseae inoculum (for main axes of
leek roots and for first-order lateral roots of clover
respectively) in the 14 d period between challenge
and harvest. In both hosts and in all P treatments
50 0 50
Distance from position of root tips
at time of challenge with inoculum (mm)
Direction of root growth
100
Figure 3. As for Fig. 2, but for successive 3 mm sections of
first-order lateral roots of clover {Trifolium repens).
there were declines with distance in probability of
infection in both proximal and distal directions but
the former were much steeper, particularly so in
clover. When the decrease in probability is related to
cell age rather than to distance from the point of
challenge with inoculum, the disparity between
clover and leek in the rates of decline is even more
pronounced. From inspection of Figures 2 and 3,
and from the average rates of extension of the
harvested roots, it is possible to estimate that in leek,
regions of the roots older than 10 d did not form any
internal infection, whereas in clover the correspond-
ing time was 7 d. These calculations are only very
approximate because of uncertainties owing to
scatter in the data, particularly in leek, about the
distance where internal fungal structures ceased to
form. In both hosts addition of P appeared pro-
gressively to reduce probability of infection at all
distances.
In both leek and clover neither entry points nor
internal infection were observed in the region of the
root tips. The lack of infection in this, the youngest
part of the root, presumably results from the delay
between a root encountering a propagule and the
establishment of visible infection, as recently
explained by Smith, Dickson & Walker (1992).
The empirical models of best fit to the data for the
region proximal to the position of the root tip at
challenge are shown in Figures 2 and 3. Table 2
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Table 2. Values of the parameters a and fi of the
models of the form log,. [pj{l —p^^ = oi + P'x distance,
of best fit to data for the root region proximal to the































Figures in parentheses are standard errors.
shows that in leek, though addition of P did not affect
the slope ofthe fitted curves (/?), it greatly reduced a
(significant at P = 0-001). At any distance therefore a
particular rate of P addition decreased the odds
[pj{\ —pj\ on infection in relation to the PI
treatment by the same multiplier (e"""""!), where a^
applies to the higher rate of P addition, and a^ to the
lower. For P 1 ^ P 3 and P 1 ^ P 5 these multipliers
were 0-625 and 0-298 respectively. Put another way,
the odds on infection for leek roots were reduced at
any particular distance by 37% at P3, and by 70%
at P5. For clover, the curves of best fit were not
parallel, but as in leek a was markedly reduced by P
additions. However, differences in (i between PI , P3
and P5 were small, so that the reduction in the odds
on infection at any given distance for PI ^ P 5 were
approximately constant (at 0-17 fold). We tentatively
conclude that P addition had a much greater effect on
probability of infection in clover than in leek.
DISCUSSION
Our data show that as root cells age they become
progressively and markedly less susceptible to
colonization from soil inoculum of an AM fungus, in
both clover and leek hosts. Hepper (1985) and Smith
et al. (1986) also reported that young portions of
clover roots were most susceptible to infection by
AM fungi, but Hepper (1985) reported that internal
hyphae were present in all parts of roots of a leek
plant transplanted to infested soil when 32 d old. In
contrast to these studies we define 'susceptibility'
precisely - as a probability of formation of internal
fungal structures in a particular time after challenge
with inoculum. The methods of Hepper (1985)
would not have revealed any decline in probability of
infection because only the percentage length of root
with internal hyphae was recorded. Further, it is
possible that the transplanting technique of Hepper
(1985), unlike the method described here, might
have been confounded by adverse effects of soil
disturbance on infectivity of mycorrhizal inoculum
(Jasper, Abbott & Robson, 1989; Evans & Miller,
1990), and by damage to the seedling caused by
transplanting.
Current mathematical models of colonization of
developing root systems by AM fungi assume
explicitly (Smith & Walker, 1981; Sanders & Sheikh,
1983) or implicitly (Buwalda et al., 1982) that all
parts of roots are equally susceptible to infection. We
suggest that this assumption is unreliable, at least for
primary infection (i.e. from soil inoculum); further
work is necessary to determine whether secondary
infection (i.e. from existing infection) is affected by
cell age. Models of colonization might be improved
by including a stochastic element to describe change
in infection probability as a function of cell age at the
infection locus.
The implications for spread of AM fungi in an
exponentially growing root system, extending
through soil with randomly dispersed inoculum, of a
'window of opportunity' for primary infection, are
difficult to predict without an appropriate math-
ematical model. But we may speculate that because
AM inoculum takes several days to infect a root
(Amijee et al., 1989), and if infection is a random
process, then on average there will be fewer entry
points per unit root length the narrower the ' window
of opportunity', leading to a reduced rate of
colonization of the developing root system. Further,
we suggest that if primary and secondary infections
penetrate cells with equal facility, then the reduction
in infection probability with cell age shown here
might imply that infection 'fronts' {setisu Buwalda,
Stribley & Tinker, 1984) spread more slowly as they
age, because, as pointed out by Smith et al. (1986),
external hyphae would encounter progressively older
tissue as they extended along the root and initiated
new infections.
Addition of phosphate to soil reduced markedly
the susceptibility of roots of leek and clover to
infection (Figs 2, 3). In leek, the probability of
infection was decreased equally everywhere along
the root (that existed before challenge with in-
oculum) by a given rate of added phosphate (Table
2). In their detailed study of the effects of phosphate
on mycorrhizal colonization of leek plants, Amijee et
al. (1989) concluded that the most iinportant effect
of added phosphate was to increase greatly the delay
between a root encountering inoculum, and the
subsequent penetration of hyphae into the root
cortex. An increased delay is the simplest mechanism
that would e.xplain the leek data: addition of
phosphate slows down the infection process at all
loci. In clover a more complex mechanism might
need to be invoked because the parameter /i was
affected by added phosphate (Table 2).
Many factors might infiuence infection: these can
be both positive, e.g. stimulation of hyphal growth
and metabolism by root exudates (Becard & Piche,
1989; Gianinazzi-Pearson, Branzanti & Gianinazzi,
1989; Lei et al., 1991), and negative, e.g. death of
586 F. Amijee, D. P. Stribley and P. W. Lane
cortical cells (Henry & Deacon, 1981) and suberiz-
ation of hypodermal cells (Demeter, 1923; Smith,
Long & Smith, 1989). Much more needs to be
known about these factors, their interactions and the
effects of environment on them before the effects
reported in this paper of cell age and phosphorus on
primary infection can be fully understood.
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